Background: Periphytic communities are usually composed by prokaryotic and eukaryotic microbes and small metazoans and could be found in any submerged surface in aquatic environments. Ciliates generally are the dominant organisms in periphytic communities where they can form assemblages of complex taxonomic composition. Among these ciliate taxa, peritrichs are very common organisms found in periphyton; also, they are easy to collect, be easily recognized, and have been widely used to evaluate and monitor ecological and ecotoxicological investigations. Several studies have been focused on periphytic communities in freshwaters from the Northern Hemisphere, with very little data on similar environments in the South. In the present study, we analyzed the structure and temporal dynamics of the ciliate peritrich community in a Neotropical shallow lake, comparing the fluctuation of the peritrich community with environmental factors.
Background
Submerged surfaces are usually colonized by complex communities of prokaryotic and eukaryotic microbes, which include bacteria, fungi, algae, protozoa, and small metazoans, forming a dynamic layer termed periphyton or biofilm (Wetzel 2001) . This biofilm may represent the major proportion of bacterial biomass in natural or artificial ecosystems (Wey et al. 2008) .
Among the most important factors controlling these bacterial communities is the grazing activities of protozoa (Wey et al. 2008) . Ciliates, in particular, participate in a wide range of metabolic pathways in aquatic ecosystems, playing an essential role as predators of bacteria and other small planktonic species, recycling nutrients that support the whole trophic cascade in both marine and freshwater ecosystems (Beaver and Chrisman 1989; Jack and Gilbert 1997; Carrias et al. 2001; Andrushchyshyn et al. 2003; Zingel and Nõges 2010) .
Peritrich ciliates (subclass Peritrichia) are very common organisms found in the periphytic communities, being also one of the most diversified group in the phylum Ciliophora, with more than 50 genera and 1,000 species described so far (Li et al. 2008; Lynn 2008) . With easy sampling, recognition, and possible standardization for temporal and spatial comparisons, peritrich ciliates have been widely used to evaluate and monitor responses to contamination in ecological and ecotoxicological investigations (Gong et al. 2005; Xu et al. 2009 ).
In recent years, increased interest has focused on studies concerning the colonization and successional patterns of biofilm communities on artificial substrates (Gong et al. 2005; Xu et al. 2009 Xu et al. , 2011 Mieczan 2010) . For example, Gong et al. (2005) studied biofilm ciliates from scallop farming waters of Jiaozhou Bay (China) and found 12 dominant species that presented a clear successional pattern over the year. Mieczan (2010) conducted a study on stems of Phragmites australis in freshwater habitats in Poland and observed that the abundance of biofilm ciliates was also correlated with environmental variables, but diverse responses were observed for different lakes. In a study of Korean coastal waters, Xu et al. (2009) identified 27 periphytic ciliates and observed a clear temporal pattern in the species succession.
Although there are several examples of studies focusing on identification, dynamics, and bioindication of periphytic microorganisms, most of them have been developed in the Northern Hemisphere. In the Southern Hemisphere, we recall few studies that tested toxicity of chemicals to periphyton, or composition of periphytic communities with emphasis on autotrophic microorganisms (Salomoni and Torgan 2008) . No study so far has investigated peritrichs or other ciliates as components of periphytic communities in Brazil or in the Southern Hemisphere.
Thus, in the present work, we analyzed the structure and temporal dynamics of the peritrich community in a Neotropical shallow lake. We hypothesize that there is a fluctuation of the peritrich community over the year, and this fluctuation could be related to environmental variables. To test this hypothesis, we: (1) documented the taxonomic composition of free-living sessilid peritrichs, (2) described the population dynamics of numerically dominant species, and (3) analyzed possible correlation between species abundance and water chemical and physical parameters.
Methods

Study area
The Guaíba Lake is 50 km long and 20 km wide (Figure 1) , with an average depth of 2 m, but reaches 12 m in the navigation channel. Main tributaries are the rivers Jacuí, Caí, Sinos, Gravataí, Dilúvio, Salso, Itapuã, Petin, Ribeiro, and Araçá. On its northern boundary, the lake is delimited by the Jacuí Delta, comprising the rivers Jacuí, Sinos, Caí, and Gravataí, and a large number of sedimentary islands. On its southern boundary, Guaíba Lake drains (average 2,200 m 3 s −1 ) to the large Patos Lagoon (250 km long), which presents an estuarine area and connects to the Atlantic Ocean (Rossato and Martins 2001; Martins et al. 2006) .
There is a relatively dense human population in the areas surrounding Guaíba Lake, including the city of Porto Alegre (with more than 1.5 million inhabitants) and its suburbs. The lake is used for public water supply, irrigation, tourism, recreation, shipping, and fishing, and also receives large amounts of domestic, agricultural, and industrial wastewater that compromise water quality. Its turbid waters (transparency <1.1 m; 40 to 100 nephelometric turbidity unit (NTU)) range from mildly acidic (pH 6.6) to basic (pH 8.3) (Salomoni and Torgan 2008) ; the average BOD is 3 mg L −1 O 2 , while the concentration of dissolved oxygen is usually 6 mg L −1 O 2 (Bendati et al. 2000) .
Sampling
Sampling was performed from a boat pier in northern Guaíba Lake (30°6′38″S, 51°15′38″W; Figure 1 , black arrow). The peritrich community was sampled using a set of 30 glass microscope slides, arranged in 15 pairs (two slides joined together by a clamp) and suspended at a depth of 30 cm from a floating device. Each sampling series was initiated at the beginning of each year season (2010 sampling program: June 21 winter, September 23 spring, December 21 summer; 2011 sampling program: March 20 fall). The sampling program began with daily removal of a pair of slides from the slide set for the first 5 days. After that, another set of slides was removed on the 10th, 15th, and 20th sampling days. After 20th day of sampling, two slides were removed at a 10-day interval until the end of each season (15 sampling data distributed along 90 days of the succession cycle). Once removed from the lake, the slides were placed into a plastic bottle with unfiltered water from the sampling site and taken immediately to a laboratory. Figure 1 Sampling site: Guaíba Lake, Brazil (Clube dos Jangadeiros; 30°6′38″S, 51°15′38″W). The black arrow points to the exact sampling site.
Sample analysis
The two replicates taken from the field were analyzed in the laboratory using a CH30 RF 100 Olympus light microscope. Although not tested, the peritrich distribution on the glass slide did not show a visible pattern, so each glass slide was covered by a 22 × 22-mm cover slip placed on its middle, delimiting the analyzed area. The total number of colonies and zooids of all peritrich ciliates found in the observation area was recorded. Species richness and density were calculated as the average of the two sampled slides. For a more precise identification, some species were cultured in the laboratory. Individuals were removed from glass slides with forceps, placed in a Petri dish with 10 ml of mineral water, fed with an infusion of wheat grass (Dagget and Nerad 1992) , and kept at room temperature. The Protargol (Polysciences Europe GmbH, Eppelheim, Germany) silver impregnation technique (Montagnes and Lynn 1987) was applied to the species that were cultured in the laboratory. Morphometric measurements were made on cultured and silver-stained organisms. Morphological characters such as length and width of the zooid at midpoint, length and width of the basal stalk, and size of the peristomial lip were measured. The shape and position of micro-and macronucleus were observed in living and impregnated cells. The species were identified based on the descriptions of Kahl (1935) , reviews of Warren (1982 Warren ( , 1986 Warren ( , 1991 , and on the work of Foissner et al. (1992) . Morphological measurements were also used to compare morphologically diverse species to create a compound size value (the sum of the mean zooid length, the mean zooid width at midpoint, the mean basal stalk length, and width).
Environmental parameters of water quality
Once a week, during the entire study period, water temperature (°C), pH, and conductivity (μS cm
, turbidity (NTU), and total phosphorous (mg L −1 P) were provided by the Research Center of the County Department of Water and Sewerage (DMAE), whose collections were performed monthly in the vicinity of the sampling site. Although biological and environmental samplings were not simultaneous due to logistic limitations, the objective was to identify general seasonal patterns of the environmental descriptors and how they could affect the peritrich community.
Statistical analysis
To identify general patterns of ciliate abundance in relation to environmental predictors, measured abundance was heavily transformed as follows. First, considering the exponential pattern of population growth, abundance was log-transformed (ln(x + 1)) to seek for linear responses. Second, to allow a cleaner response effect, each value was standardized as standard deviations from the annual mean. This procedure favors the direct identification of the environmental drivers that increase or decrease abundance in relation to the annual mean. Also, considering extreme abundance values and loose of normality, values below −2 and above 2 were changed to −2 and 2, respectively. Abundance was then rescaled to relative abundance (0 to 1) by adding 2 and dividing by 4. Although all these procedures seems to disfigure the original data, our main objective was not to seek for predictive abundance models, but to identify general patterns of what environmental parameters contribute to increase or decrease each species abundance.
Patterns concerning temporal and environmental drivers for the peritrich community were identified by using principal component analysis (PCA; SPSS 17.0, Armonk, NY, USA). Multiple linear regressions (MLR) correlating relative abundance of each species with temporal and environmental parameters (winter, spring, summer, fall, days of exposure, temperature, pH, chlorophyll a, total solids, dissolved oxygen, conductivity, turbidity, and total phosphorous) were performed using SPSS (version 17.0), with the Backward-Wald method and a P value of <0.3 as the removal threshold. MLR was chosen instead of other multivariate methods because of the ability to measure the relative effect of each descriptor without the effect of other environmental drivers included in the model. From the MLR coefficients, a cluster analysis (SPSS, version 17.0) was used to identify patterns of species association. A new approach was applied as follows: Relative importance coefficient or RIC = (1 -P) × B/mod(B), where P is the significance value for each regression coefficient B, and mod represents the modulus of the B value. This approach, although unusual, carry an interesting attribute: the aggregation schedule will be governed both by the positive/negative effect of an environmental driver (B value signal) and the probability of the effect to be true (1 − P value). The clustering tree was constructed using Euclidean distance as the association metric and Ward's aggregation method.
Species diversity and constancy
The Shannon-Wiener diversity index (H′) was calculated for each sampling day throughout the entire study. Also, the number of occurrences of each species was divided by the total number of samples, which allowed species to be classified by the frequency of occurrence. Species that appeared in more than 50% of the collections were designated as 'constant'. Species considered 'accessory' were present in 25% to 49% of the samples, and if species were present in less than 25% of the collections, they were considered 'casual'. The species were also classified according to their successional stage by considering them to be pioneer if their maximum appearance in the samples occurred before the 30th day of sampling, secondary if their maximum appearances occurred between 30 and 60 days of exposure, and climax species if their maximum appearances occurred after the 60th day of exposure.
Results
Environmental physical and chemical parameters
Seasonal fluctuation of environmental parameters of water quality is presented in Figure 2 . Observed values did not differ from those already reported by Bendati et al. (2000) . Water temperature ranged from 12°C to 28.5°C, and the values for dissolved oxygen were between 5.6 and 9.3 mg L −1 . The pH ranged from 6.4 to 7.2, and amounts of total suspended solids (TS) ranged from less than 10 to 42 mg L −1 . Chlorophyll a measurement ranged from undetected to 6.1 μg L −1 , and turbidity from 17 to 85.4 NTU. Finally, total phosphorus (TP) and conductivity ranged between 0.09 and 0.19 mg L −1 and 72.5 and 84.05 μs cm −1 , respectively. A general pattern of environmental descriptors could be identified in Figure 3 , a biplot distribution of components 1 and 2 from a PCA, explaining 55% of total variance. Spring, summer, and water temperature were negatively related to component 1, while although all other measured parameters were positively correlated and appeared on the right side of the diagram. Component 2 detach fall and winter, with fall associated to total phosphorous, total solids, turbidity, pH, and days of exposal. Winter group was associated with increased dissolved oxygen.
Abundance and species composition
Peritrichs were recorded from the first or second day in each sampling cycle, comprising a total of 35 morphospecies throughout the year, although only 22 were identified at species or genus level and were included in the present data analysis. These species were identified based on morphological characters observed and measured in vivo and on the arrangement of oral polykinetids (OPKs) in Protargol-stained individuals. The configuration pattern of OPKs is considered species specific in peritrichs and widely used to tell apart different species in this subclass. Figure 4 shows the four Epistylis species identified only at the genus level. These four peritrich species found in the present study are apparently undescribed and will be described after further investigation.
Maximum species richness per season, considering the nominated species ( Figure 5 , blue line), ranged from 8 in Figure 3 General patterns of environmental descriptors in Guaíba Lake, Brazil. Biplot from a principal component analysis (PCA) explaining 55% of total variance. winter to 14 in spring. Considering the succession cycle, species richness increased along each successional cycle, but at some points, it was observed that it markedly reduced, as at the end of summer.
Peak abundance of individual peritrichs (solitary cells + colonies; Figure 5 , green line) was more than twice as high during winter (2,140 individuals cm −2 ) than that observed during summer (966 individuals cm −2 ). During spring (504 individuals cm −2 ) and fall (412 individuals cm −2 ), the peak abundance of peritrichs was half than that observed during summer and one quarter of that recorded during winter. This shows a clear seasonal abundance cycle of biofilm peritrich ciliates. A similar pattern was observed for the number of zooids in the colonial species ( Figure 5 , orange line). These species presented more zooids during winter which led to an increase in total abundance. By contrast, H′ presented the highest values for both individuals and zooids during spring (individuals: H′ = 1.99, zooids: H′ = 1.80) and fall (individuals: H′ = 1.61, zooids: H′ = 1.47), while during winter (individuals: H′ = 1.15, zooids: H′ = 1.38) and summer (individuals: H′ = 1.43, zooids: H′ = 1.40), the values were relatively lower. As a general pattern, individual density was higher during winter, with a reduced diversity, indicating dominance of species.
The genera Epistylis and Vorticella were both the most diverse and abundant taxa throughout the year. There were high numbers of individuals, sometimes exceeding the total for all other genera, showing a clear dominance in competition for space. Multiple linear regressions and cluster analysis Table 1 presents the RICs for cluster analysis, where species are presented in the same order as in the cluster analysis ( Figure 6 ). Seasons within the study period presented different impacts on community structure. Summer was not significant for any species and, thus, was excluded from all analyses. Among temporal descriptors, fall was significant for four species, while successional time was a relevant parameter for five species (Table 1 , RIC > 0.95 or RIC < −0.95). Concerning environmental drivers, total phosphorous and dissolved oxygen were the most relevant parameters, causing significant response for four and three species respectively.
The pattern of species association could be more clearly revealed by a cluster analysis (Figure 6 ), where two major clusters can be observed. Cluster 1 differed from cluster 2 mainly in relation to seasonal effects. As a general pattern, species from cluster 1 did not present significant response to a seasonal cycle, although most of the species were negatively related to winter and spring. By contrast, most of the species in cluster 2 presented significant positive relationship (increased abundance) with season, mainly fall and spring. Concerning environmental parameters, only dissolved oxygen (DO) showed significant difference among the species from clusters 1 and 2, although at the specific level, only three species were significantly affected by this parameter. Table 2 presents peritrich species in relation to their constancy of occurrence, successional characteristic, number of days within a sampling period needed to reach a peak of abundance, and compound size. Figure 7 presents a scatter plot relating the compound size of each species with the number of days required to reach a peak of abundance. The graph shows that solitary species, with a total size <500 μm, showed no pattern of dominance during any particular stage of succession, reaching their peaks of abundance any time during the sampling period (pioneer, secondary, and climax stages of succession).On the other hand, most of the colonial species (with exception of Epistylis sp. 4 that had a peak at the beginning of the sample period), with a total size >500 μm, reached their peaks of abundance only in the last half of each sampling period (corresponding to secondary and climax stages of succession).
Succession in the community of peritrichs
Discussion
The results of the present study support the hypothesis of a temporal pattern of succession in the community of peritrich ciliates that colonizes solid substrates in the Guaíba Lake, with different responses by individual species to successional time, year, season, and environmental factors. Twenty-two nominated species of peritrichs of 13 different genera were found in Guaíba Lake. In comparison with studies of other peritrich assemblages, the Guaíba Lake can be considered a highly diverse environment. For instance, Xu et al. (2009) found two species of Zoothamnium and one species of Vaginicola in a 3-month-long survey on the coast of Korea. Kusuoka and Watanabe (1987) found only four species in the genera Carchesium and Vorticella in a Japanese urban stream. Copellotti and Matarazzo (2000) recovered nine species of Vorticella and Zoothamnium during an 8-month-long survey in the lagoon of Venice (Italy), and Mieczan (2010) identified 11 species of Peritrichia in three Polish lakes, comprising only six different genera. From the few available data, Peritrichia appear to be more diverse in freshwater than in saline or estuarine areas, and increased richness could be expected for lower latitudes, a pattern already identified for aquatic fauna in general.
Epistylis and Vorticella were the most abundant genera of peritrichs and represented the highest diversity of species in the peritrich assemblage of the Guaiba Lake. Although these are not always the most abundant or common peritrich genera in water bodies (Kusuoka and Watanabe 1987; Partaly 2003) , or even in periphytic communities (e.g., Gong et al. 2005) , several studies have shown the importance of Vorticella and Epistylis as grazers of picoplankton (e.g., Sanders et al. 1989; Šimek et al. 1995; Macek et al. 1996; Stabell 1996) . Although no direct data on bacteria abundance was obtained in the present study, the high abundance of these two genera observed during the investigation period may be due to bacteria availability, since species of Epistylis and Vorticella have been recorded as significant bacterial grazers.
Despite food abundance, a reduced number of species is usually expected in high productive water bodies due to physiological stress which results in a community dominated by a small number of very abundant species (Henebry and Ridgeway 1979; Salvado et al. 1995) . The Guaíba Lake is highly impacted by wastewater discharge and is considered to have the worst quality level according to the Brazilian pollution classification system. Contrasting general patterns for Metazoa, surveys of polluted freshwater have sometimes revealed high diversity of protozoa. Small (1973) surveyed a small polluted stream in Illinois (USA) and found a total of 93 genera of ciliates, including peritrichs. Kusuoka and Watanabe (1987) also suggested that urban streams that receive domestic sewage could be considered an ideal habitat for peritrichs, owing to the high density of bacteria present in these environments. With 22 nominated species, the Guaíba Lake seems also to be very suitable for Peritrichia, probably due to high wastewater discharge and bacterial densities at the same time as dissolved oxygen is kept around 6 mg L −1 . This occurs due to factors such as high water turnover ratio from large river inputs, 
, where P is the significance value for each regression coefficient B, and mod represents the modulus of the B value as estimated by multiple linear regression coefficients relating to peritrich species abundance (standardized (ln + 1) values) with seasons and water quality parameters (significant values are italicized, P < 0.05). Data obtained between June 2010 and June 2011 for Guaíba Lake, southern Brazil. Species are presented in the same order as in the cluster analysis ( Figure 5 ). t test compares species from clusters 1 and 2.
relatively small depth, and constant winds that favor gas exchange and vertical water circulation. Among the measured environmental parameters and considering the variation amplitude in the Guaíba Lake, temperature, conductivity, and turbidity were not significant environmental drivers for any species, while pH, chlorophyll a, and total solids were relevant drivers for just one species (Table 1 , RIC > 0.95 or RIC < −0.95). On the other hand, total phosphorous and dissolved oxygen were significant for four and three species, respectively, suggesting an abundance pattern related to nutrient availability and its impact on dissolved oxygen.
Despite the lower metabolic rates that could be inferred from lower temperatures during winter, there was a particularly higher abundance of individuals and zooids. During this season, the lake receives a high influx of water (increased rainfall and reduced evapotranspiration) that probably helps dilute pollutants, leading to an improvement of the water quality by diluting human sewage with increased water flow. Although loosely correlated to conductivity and chlorophyll a if considered the second component of the PCA (Figure 3) , winter presents a secondary negative relationship (component 2) with total phosphorous, turbidity, and total solids, all indicators of poor water quality. Studies on periphytic communities in other environments have shown an opposite result. For example, Beech and Landers (2002) in a survey of ciliates colonizing artificial substrates in Dauphin Island found a significant decline in populations of peritrichs and suctorians during winter. In this regard, a comparison with less polluted or nonpolluted areas would help understand the influence of pollutants on the growth of these organisms, as the population responses could be the result of synergic and antagonist effects of several environmental drivers. Although our original purpose was to identify these drivers, our sampling design fail to show a complete framework of interactions, probably due to limited time and space scale that restricted variable covariation.
Density of peritrichs at the study site varied markedly over time. In general, there were some periods of severe reduction in abundance in all seasons, but it is not clear whether these represent a successional cycle, recovery from catastrophic events, or the result of natural variability in sampling. In general, ciliate densities are often positively correlated with increasing food supplies, which suggests that abundance is resourcelimited (Fenchel 1968) . Moreover, experimental work has demonstrated that ciliate assemblages also may be strongly affected by direct metazoan interactions (Jack and Gilbert 1993; Wickham and Gilbert 1993) . These interactions can be predation, mechanical interference, or both. Masclaux et al. (2012) demonstrated that the cladoceran Eurycercus lamellatus feeds exclusively on periphyton. Arndt (1993) has also observed that large grasping rotifer species could feed on ciliates, especially peritrichs that they could dislodge from the stalk. This ability of small invertebrates to graze on periphytic organisms would lead to fluctuations in a periphyton community. In the present work, some reductions in density were followed by reductions in species richness, suggesting a severe impact of some sort on the community. This impact could be predation by invertebrates since rotifers, Figure 6 Dendrogram showing the relationships between ciliate species and water quality parameters. The clustering tree was constructed by using Euclidean distance and Ward's aggregation method.
cladocerans, and insect larvae were frequently found in the samples. Müller et al. (2012) , in a series of experiments with Paramecium bursaria and Colpidium striatum, showed that planktonic, free-living ciliates may generate interference interactions relative to one another, such as biochemical-mediated interactions and allelopathy. A similar experimental setup has never been applied to sessile ciliates, although the same kind of interaction may be possible to be happening among ciliates that are part of a periphytic community. The species of peritrichs in the present study showed differences in their successional patterns, and at the end of each season, late colonizers were dominant on the surfaces of glass slides. These late colonizers that generally presented large colonies and zooids may be capable of dislodging smaller-sized peritrichs, generating an interference competition that could affect food acquisition and lead to space loss. Laboratory Figure 7 Compound size of morphospecies and day of exposure. Compound size of morphospecies (given by the sum of the zooid length, zooid width at midpoint, stalk length, and stalk width in micrometers) along with the day of exposure of the traps with the highest rate of occurrence of the species. The species are classified according to their constancy of occurrence, successional characteristic, days of exposure that presented the highest density, and compound size (sum of the mean zooid length, mean zooid width at midpoint, mean basal stalk length, and mean basal stalk width; in micrometers). Species present in more than 50% of collections were named as constant, those between 25% and 49% were considered accessory, and those occurring in less than 25% were named casual. Pioneer species were considered those whose maximum occurrences were recorded by the 30th day of exposure of the traps in the water; secondary species were those that had their maximums between the 30th and 60th days of exposure, and climax were considered the species that presented maximum occurrence after the 60th day of exposure.
experiments with early and later colonizers are needed to test this hypothesis. Most of our knowledge on successional patterns in aquatic habitats comes from studies on benthic invertebrates. For instance, Hirata (1987) investigated the succession of marine invertebrates, including barnacles, ascidians, and oysters, and observed that biological characteristics of the species could influence their occurrence and successional cycles. He also inferred that species succession could be governed in some cases by historical differences in colonization and disturbance that lead to changes in species dominance observed at different successional stages. Breitburg (1985) , on the other hand, suggested that the most important factors determining species succession are the interactions between the organisms and not between successional stages.
In this regard, the presence of early colonizers could affect recruitment of peritrichs, promoting the establishment of other species that, in general, are stronger competitors. This trend was observed in the present study, where species of peritrichs in the first half of a sampling period did not show a definite size pattern, but those in the second half tended to be larger species (compound size: sum of the zooid length, zooid width at midpoint, stalk length, and stalk width). Larger species of peritrichs may be better competitors for space, but may depend on the presence of the early colonizers in some way. In addition to interactions among species that might govern succession, there is also the possible influence of environmental factors on the successional dynamics, leading to a complex system depending on interconnecting relationships that need to be explored much more thoroughly.
Conclusions
A temporal pattern of succession in the community of peritrich ciliates that colonizes solid substrates in the Guaíba Lake was clearly demonstrated, with different responses by individual species to successional time, year, season, and environmental factors. The peritrich community in the studied area was highly diverse in comparison with other freshwater environments in higher latitudes, a pattern already identified for aquatic fauna in general. The high abundance displayed during winter may reflect a high influx of water that helps dilute pollutants, favoring the growth of these ciliates, while the density fluctuation observed over time may be correlated to the occurrence of grazers. In short, successional patterns in peritrich communities may be governed by species interaction as well as environmental factors. The results obtained here are a starting point to a better understanding of the complex interactions that govern these periphytic communities.
